Lotus-type porous iron rods were fabricated by continuous zone melting technique under the pressure of 2.5 MPa of hydrogen, using iron with three different purities: 99.5%, 99.9% and 99.999%. It was found that the pore size in lotus iron with high purity (99.999% pure) is much larger than that in lotus iron with lower purity (99.5% and 99.9% pure), while the porosity in lotus iron with high purity is lower than that in lotus iron with lower purity. The transfer velocity does not affect the porosity in all lotus iron, but may affect the pore size; the pore diameter decreases with increasing transfer velocity. Thus, it is apparent that the purity of iron significantly affects the pore morphology and the impurities in iron serve as the nucleation sites of pores to increase the pore number density and also suppress the growth of pores due to slower diffusion of hydrogen.
Introduction
Porous metals, including foamed metals and cellular metals have attracted much attention because of their various characteristics different from those of nonporous metals, such as an inherent low density and large surface area. 1) These metals are expected to be utilized as light-weight materials, catalysts, electrodes, vibration and acoustic energy damping materials, impact energy absorption materials etc. 1) Although most of the porous metals have isotropic and spherical pores, lotus-type 2) and Gasar 3) porous metals have unique pore morphology with long cylindrical pores aligned in one direction. Shapovalov first fabricated porous metals with directional pores from the viewpoint of applicability to functional materials.
3) The pores were evolved from insoluble gas when the molten metals dissolving the gas are solidified. The lotus-type and Gasar porous metals have not only the properties of conventional porous metals but also the unique properties originating from their directional pores. In particular, these metals exhibit superior mechanical properties to the conventional porous metals, which have nearly spherical, isotropic pores shape. 4) Thus, lotus-type and Gasar porous metals have also possible application to light-weight structural materials.
Steel is the most popular structural metals. As a fundamental research of porous steel, pore morphology and its evolution mechanism of lotus-type porous iron should be elucidated in order to fabricate lotus iron and steel. In order to solve the pore growth mechanism of lotus iron, we must first use high-purity iron to eliminate impurity effect in raw iron material. It is well known that high-purity iron (HP iron) exhibits abnormal physical properties. For example, HP iron shows soft, low yield strength, large elongation, 5) and superior corrosion resistance. 6) Thus, the purity of iron is expected to influence the pore morphology of lotus iron. In the present work HP iron was used to fabricate lotus iron using continuous zone melting technique in pressurized hydrogen atmosphere of 2.5 MPa. For comparison, two irons with different purity levels which are available commercially were also used to produce lotus iron. The present paper reports the effect of purity of lotus iron on pore morphology to discuss the evolution mechanism of the pores in lotus iron. Figure 1 illustrates the schematic setup of the continuous zone melting technique, which consists of radio-frequency induction coil, specimen rod and movable specimen holders; the induction coil was used for the zone (restricted) area melting of the rod-shaped specimen. These components were placed into a high-pressure chamber filled with hydrogen. While a part of the specimen rod was melted by induction heating, the hydrogen gas was absorbed in the melt up to the gas equilibrium solubility in the pressurized gas atmosphere according to the Sieverts' law. When the specimen rod was moved downward at a given transfer velocity, the lower part of the melt zone solidified simultaneously. Then, directional elongated pores were evolved by precipitation of insoluble gas of hydrogen in the solidified specimen rod. The temperature of the liquid and solid phases was monitored by an infrared pyrometer (model IR-AP, Chino Co.). Three kinds of iron were supplied; the iron with 99.5% purity was supplied from Nilaco Corporation, Tokyo, Japan, and the iron with 99.9% purity was supplied from Newmet Corporation, Leeds, UK. The HP iron was fabricated by the following purification process. First, a raw iron material was dissolved into a hydrochloric acid solution and refined by valence-controlled anion-exchange separation, 7) which eliminates mainly metallic impurities. The metallic Fe and FeO were extracted from the refined solution by means of hydrolysis and hydrogen reduction. Then, the obtained iron was melted with FeO by argon plasma arc, namely oxidation refining.
Experimental
8) The impurities which had higher affinities for oxygen than Fe were removed. H 2 -Ar plasma arc melting was carried out as the last step to eliminate oxygen content. Consequently, high purity iron was prepared. The high purity iron was machined to the dimension of 8 mm in diameter and chemically polished with the etchant of HF : H 2 O 2 : H 2 O ¼ 3 : 50 : 6 in order to eliminate the contaminated surface. The result of the chemical analysis of HP iron is shown in Table 1 , while that of commercially available low-purity iron is compiled in Table 2 .
The specimen rods were cut using a spark-erosion wire cutting machine (Model LN1W, Sodick Co., Yokohama, Japan) in the both directions parallel and perpendicular to the solidification direction. Each cross-section was polished with a series of emery papers and was observed using an optical microscope. The pore diameter was measured from the crosssection perpendicular to the solidification direction. The porosity (p) was evaluated from the following equation:
Apparent density of porous iron Desity of nonporous iron Â 100
ð1Þ
The apparent density of the individual specimen was calculated by measuring both the weight and the apparent volume of each specimen. The shape and size of pores were observed with an optical microscope and evaluated with image analyzer (WinRoof, Mitani Co., Fukui, Japan). In the cross sections of lotus iron perpendicular to the solidification, the pore shape is considered as circles. The pore diameter is defined by the average value of the diameter of many circles. Figure 2 shows the cross-sectional views parallel to the solidification direction of lotus iron with three different purities. It is apparent that purer lotus iron has larger pores and a smaller number of the pores. Figure 3 shows magnified cross-sectional views parallel and perpendicular to the solidification direction of lotus iron with purities of 99.5, 99.9 and 99.999%. As shown in Figs. 4(a) and (b) , the porosity and pore diameter are plotted as a function of transfer velocity, respectively. The porosity is almost independent of the transfer velocity, which is in good agreement with the result of lotus copper. 9) However, the porosity decreases in purer lotus iron.
Results and Discussion
On the other hand, the pore diameter decreases with increasing transfer velocity, whose tendency is similar to the result of lotus copper.
9) The pores, which are considered to nucleate heterogeneously, grow by insoluble hydrogen rejected in the solid-liquid interface. It can be understood Table 2 Chemical analysis of commercially available low-purity iron. that the amount of hydrogen diffusing from liquid to the pores in the solid-liquid interface decreases with increasing transfer velocity because of shorter diffusion time. As the transfer velocity increases, the pore size decreases but the number density of pores increases as shown in Fig. 3 . The increase in the transfer velocity causes an increase in the hydrogen supersaturation of the solid-liquid interface and thus, the driving force to nucleate the pores increases. Moreover, the pore diameter in HP iron increases remarkably compared with the iron of 99.5 and 99.9% purity. It is well known 10) that hydrogen diffusion in purer iron is much faster than that in less pure iron. Thus, it is surmised that at the same transfer velocity, the pore size increases in HP iron because of faster diffusion of hydrogen.
There is another factor to contribute the pore size in lotus metals. Recently Onishi et al. 11) revealed that intentional addition of fine ceramics powders affects the pore size and the number density of pores in lotus nickel fabricated in hydrogen; the pore size becomes smaller and the number density of pores increases by addition of NiO. NiO may serve as nucleation sites for pore evolution. In the present work, it is reasonable to consider that low-purity iron has more number of nucleation sites compared with HP iron because of more amount of the residual impurity elements. Therefore, smaller pores with high number density of pores are observed in low-purity lotus iron.
Conclusion
Lotus-type porous iron was fabricated by continuous zone melting technique under the pressure of hydrogen of 2.5 MPa. The pore size of HP lotus iron is larger than that of low-purity lotus iron, while the porosity of HP lotus iron is lower than that of low-purity lotus iron. This is attributed to the difference in the number of nucleation sites of the pore evolution and the diffusion of hydrogen in iron. 
